Statoliths of Aurelia coerulea were successfully labeled with 34 S and Sr and were visualized for the first time by nanoscale secondary ion mass spectrometry (NanoSIMS) and electron probe microanalysis (EPMA). Medusae were incubated in artificial seawater with an enrichment of 34 S and Sr for 25 hours. Statocysts for analyses were fixed at two time-points: immediately after the exposure (zero-day) and after 3 weeks of incubation in non-enriched seawater (post-incubated). In the analyses by NanoSIMS, deposition of 34 S was observed as an inner ring enclosed within the crystal in post-incubated specimens. In zero-day specimens, 34 S/ 32 S ratio in the peripheral region of statolith was much higher than those in the core region. In the analyses by EPMA, small statoliths with dense deposition of Sr were located in the basal part of statocysts in zero-day specimens. The larger statoliths tended to be located more distant from the basal part. These findings were consistent with the hypothesis that the basal part of statocysts is the area of origin of statoliths. Statoliths without deposition of Sr tend to be larger in size than those with deposition, suggesting the saturation of growth after crystals attain a certain size.
body of scyphomedusae. If it is possible to use statoliths for age determination or reconstruction of the life history like in exoskeletons of corals or in otoliths of fish (Weber et al., 2002; Shirai et al., 2012) , it will facilitate a better understanding of scyphozoan ecology.
In contrast to cubomedusae, whose statoliths are large grains with daily rings (Ueno et al., 1995; Kawamura et al., 2003; Gordon et al., 2004) , statoliths of scyphomedusae are composed of a number of fine granules. Lack of daily increments in statoliths of scyphomedusae makes age determination difficult. Size of statocyst and number of statoliths per statocyst have been utilized to determine age in Cassiopea sp. (Hopf and Kingsford, 2013) .
Statoliths of scyphomedusae and cubomedusae are made of calcium sulfate hemihydrate (bassanite) (Tiemann et al., 2002 (Tiemann et al., , 2006 Becker et al., 2005) . Sulfate and calcium (Ca) are taken up from the surrounding water in Aurelia aurita (Spangenberg, 1968) . Considering the fact that biogenic skeletal hard parts from various organisms can be used as environmental recorders (e.g. Kerr and Campana, 2014) , it is likely to be possible that the environmental condition is recorded in statoliths as a difference of isotopic composition of sulfur (S) or Ca, or as a different composition of minor elements such as Sr or magnesium (Mg) that can substitute for calcium (Amiel et al. 1973) . A few studies have analyzed Sr/Ca ratio of cubozoan statoliths to show the dispersal of cubomedusae from brackish water to salt water (Mooney & Kingsford, 2012; . Again this was enabled by the presence of growth increments in cubomedusae statolith. In order to utilize scyphomedusae statolith for ecological research, it is necessary to find a time axis alternative to growth increments.
Recent studies using X-ray microtomography (μ-CT) (Sötje et al., 2011; Holst et al., 2016; Heins et al., 2018) have shown that the smaller statoliths are concentrated in the basal part of statocysts and that the size of statoliths increases toward the apical end. Sötje et al. (2017) and Heins et al. (2018) showed that individual statolith grows by using a calcein label. Their results suggest that both the arrangement of statoliths and growth of each statolith are controlled in a temporal context. In light of these findings, if growth characteristics of statoliths are elucidated further, it potentially will be possible to assign a timeline to the statoliths within a statocyst. Then elemental chemistry of statoliths will be usable for reconstructing the migration history of scyphomedusae.
In this study, statoliths of a scyphozoan were exposed to 34 S and Sr-enriched water and the deposition was visualized for the first time by geochemical analysis of cross sections. New insights into the formation and development of statoliths are discussed.
M E T H O D S Culture of medusae and labeling of statoliths
The medusae used in this study were obtained from polyps of Aurelia coerulea Von Lendenfeld, 1884, which were derived from female medusae collected in Mikawa Bay, Pacific coast of central Japan in October 2010. Polyps had been kept in the laboratory for 2 years at ca 23˚C, and medusae were obtained by decreasing the temperature to 10-13˚C. Medusae were fed Artemia sp. and grown to 1-2 cm in diameter at ca 23˚C in filtered seawater.
Labeling of statocysts was performed in artificial seawater (ASW) with enrichment of 34 S and Sr. The basic composition of the ASW followed the concentrations of the major constituents in surface seawater (Pilson, 1998 S of the magnesium sulfate ingredient of the non-enriched ASW was determined using an elemental analyzer/isotope-ratio mass spectrometer (Thermo Fisher Scientific EA1110, ConFloIII, DeltaPlus Advantage) along with standards (IAEA-S-1, NBS-123, NBS-127) at SI Science Co., Ltd. It was −1.5‰ VCDT (n = 3, SD = 0.41), therefore the δ 34 S of the enriched ASW was ca 1200‰. To enrich Sr, Sr 2+ in the form of SrCl 2 was added to the ASW to substitute for a corresponding molar amount of calcium (Ca 2+ ). General morphology of ephyrae which developed in low calcium ASW has been shown to be normal when Ca was more than 5.4 mM (Spangenberg, 1979) . Ca was adjusted to 7.5 mM instead Chapman and James (1973) (Fig. 1). (B) Image of a section of a statocyst which was dissected out, embedded in resin and polished. ao: aboral ocellus, m: mesoglea of hood, oo: oral ocellus, r: rhopalium, sc: statocyst, sl: statolith. Scale bars: 100 μm.
of normal 10.53 mM, and the remainder was substituted by Sr achieving 34 times of the normal concentration (3.12 mM compared with 0.0928 mM). This corresponds to the Sr/Ca ratio of 0.4 compared with the normal value of 0.009 (or~50 times elevation). Eleven intact medusae (9-21 mm in diameter) were fed with Artemia sp. nauplii, then were transferred to a 4-L plastic bottle filled with 0.8 L of the enriched ASW. The medusae were reared at ca 23˚C for 25 hours with weak aeration and a small number of Artemia sp. nauplii prey. After the exposure to the enriched ASW, medusae were rinsed in filtered (20 μm) seawater. For six of the medusae, all the rhopalia were immediately dissected out (zero-day). The rest (five individuals) were maintained for an additional 3 weeks in filtered seawater (post-incubated) to examine the growth of statoliths after labeling. After the additional incubation, all the rhopalia of the five medusae were dissected out. Mortality or obvious abnormal activity was not observed during the experiment.
Preparation of samples
Rhopalia with statocysts were dissected out of medusae under a dissecting microscope using a tungsten needle. The rhopalia were fixed in 90% ethanol to avoid the statoliths dissolving in water. The rhopalia were then embedded in epoxy resin (Araldite 502) by sequential infiltration with resin:propylene-oxide mixture by four steps, 1:2, 1:1, 2:1 and 100% resin, then embedded in fresh resin and cured. The resin-embedded samples were coarsely ground until the statocysts were nearly exposed. These samples were then polished with a graded series of polishing sheets up to 1 μm grain size (aluminum oxide, lapping film, 3M TM ) to achieve observation sections with a flat surface. The polished sections of the resin-embedded samples were photographed under a digital microscope (VHX-D510, Keyence) for later analyses. It should be noted that no incrementallike structures comparable to daily rings in cubozoan statoliths were visible on photographs of the polished sections of the resin-embedded statocysts.
Analysis by NanoSIMS
Mapping of sulfur isotopes was performed by using a nanoscale secondary ion mass spectrometer (NanoSIMS) NS50, installed at the Atmosphere and Ocean Research Institute, The University of Tokyo (AORI). A 1 pA Cs + primary ion with accelerating voltage of 16 kV was focused with a~0.1 μm beam diameter. A gold coating and electric gun were used for electric charge compensation. Raster analysis was performed in areas from 11 × 11 μm to a maximum of 37 × 37 μm by 256 × 256 pixels, depending on the size of each statolith grain, after 3 minutes pre-sputtering using a 300 pA primary beam. In this size of detecting area, usually one (three in a single case) whole section of statolith was included. Negative secondary ions, , were extracted and were simultaneously counted using electron multipliers in a multi-collector system. Mass resolution power of 4000, at 10% peak height, was achieved to separate the neighbor interference ions clearly from the objective ions ( (Thode, 1991) . To determine the size of the statocyst, the periphery of the section of the statocyst was hand-traced and an ellipse approximation was applied. The minor axis length of the ellipse was treated as the approximate size of the statolith.
Analysis by electron probe microanalyzerwavelength-dispersive spectroscopy
The distributions of Sr and Ca within the section of statocysts were analyzed using an electron probe microanalyzer (EPMA) (JXA-8230, JEOL) at AORI. Measurements were performed with an accelerating voltage of 15 kV, probe current of 52 nA, and~1 μm beam diameter. Composition map for Sr (Lα, first order) and Ca (Kα, first order) was obtained with wavelength-dispersive spectroscopy (WDS) detectors (TAP and PETJ, respectively) and 50 or 100 ms acquisition at each pixel performed by moving the sample stage by 0.5 μm steps. Back-scattered electron (BSE) images were simultaneously obtained.
To analyze the composition maps, each analyzed statocyst was identified on the photographs of the resinembedded samples based on the XY coordinate of the analyzed area recorded by the EPMA. The periphery of the section of the statolith was traced on ImageJ. The XY coordinate of the center of gravity and the minor axis length by an ellipse approximation were analyzed. The positions of the aboral ocellus and the oral ocellus were identified on the photograph from the traces of pigmentation (Fig. 1B) . Then the approximate positions of the ocelli were plotted on the composition map for Ca and the XY coordinate of the center was determined. The Euclidean distance between each statolith and the two ocelli was calculated and the shorter of the two distances was defined as the distance from ocelli to the statolith.
The correlation between the distance from ocelli and the minor axis length was assessed by Pearson product moment correlation coefficient and was evaluated by t-test. The probability that a statolith is determined to have deposition of Sr depending on the distance from ocelli and the two treatments (zero-day or post-incubated) was analyzed by using a generalized linear mixed model (GLMM) (Zuur et al., 2009 ) with a binomial distribution and with a logit link. The distance from ocelli, the treatments and their interactions were formulated as the fixed effects with random intercept among statocysts. The GLMM analysis was carried out by using the R package "lme4" (Bates et al., 2015) on R version 3.
Our objective was to detect the relative levels of 34 S and Sr deposited during the incubation in enriched water compared with those in non-enriched water, therefore tracer-level amounts of 34 S and Sr were used and no working standard was measured.
R E S U L T S Analysis by NanoSIMS
A total of 23 statoliths were analyzed by NanoSIMS. Among these, images with good resolution which were usable for further analysis were obtained for 19 statoliths (6 zero-day and 13 post-incubated each from at least three separate statocysts). The size of these statoliths was 9-29 μm in minor axis length by elliptical approximation.
In seven statoliths among the 13 post-incubated statoliths, 34 S/ 32 S anomaly was detected on the two-dimensional image as a white ring-like line inside the section near the periphery (Fig. 2B) . The δ
34
S SIMS values of these anomalies were 128-529‰ (median: 434‰, n = 7) (Fig. 3) . The width of the white line at the thinnest part was 0.2-0.5 μm (n = 6), which represents the deposition of calcium sulfate during the 25-hour incubation period in the enriched ASW. On the other hand, the shortest distance between the periphery of the statolith and the inner labeled ring was assumed to be the growth during the post-incubation (3 weeks) and was 1.3-1.7 μm (n = 4), therefore the average daily growth during the post-incubation can be estimated to be 0.06-0.08 μm. 
Analysis by EPMA-WDS
A total of 580 statoliths from 14 statocysts (7 zero-day and 7 post-incubated) were analyzed. The minor axis length of statoliths of zero-day specimens was 1.8-26.0 μm (mean: 12.1 μm, standard deviation (SD): 5.29, N: 285), and that of post-incubated specimens was 2.6-22.8 μm (mean: 11.4 μm, SD: 4.34, N: 295). Simple t-test showed that the size of analyzed statoliths did not differ between the two treatments (P > 0.1). On 117 statoliths among them, dense deposition of Sr was detected by EPMA-WDS. In the zero-day specimens, dense deposition of Sr on small statoliths was observed in the area adjacent to the two ocelli ( Fig. 4A ; ocelli: ao and oo). High Sr/Ca signals were visible inside the statoliths in the post-incubated specimens often as an inner ring (Fig. 4B) . The distance from the ocelli was shorter for the statoliths with Sr-label compared with the statoliths without label in the zero-day specimens (Fig. 5) . Such a difference was not observed in the post-incubated specimens.
There was a positive correlation between the distance from ocelli and the minor axis length of the statolith section (Pearson correlation coefficient = 0.232, n = 580, P ≪ 0.001), which confirmed the tendency that statoliths away from the basal part were larger in size.
The GLMM formula is shown by the following formula,
where Pd is the probability that deposition of Sr was detected on a statolith section, x is the minor axis length of the statolith section and r is the variance of the intercept among statocysts. In this model, the slope (b t ) and intercept (a t ) of the fixed effect were different with the incubation period. All the parameters of the fixed effects were significant at a 5% level and Akaike information criterion (AIC) (Akaike, 1973) was 466. More simple models without random effects, without interaction or with smaller number of explanatory variables caused larger AICs, therefore they were not optimum. The estimated parameters of the model (Table 1) were interpreted as follows. In the zero-day specimens, the intercept was positive (a 0 = 1.60 ± 0.573, P < 0.01) even considering the amount of randomness (r = 0.39), therefore the probability Pd was more than 0.5. There was a significantly negative correlation (b 0 = −0.38 ± 0.064, P ≪ 0.001) between the probability that a statolith was labeled and the minor axis length of the statolith section. The result means that smaller statolith sections had more chance that the deposition of Sr was 
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detected. On the other hand, in the post-incubated specimens, the intercept was negative (a 1 − a 0 = −5.02 ± 0.797, P ≪ 0.001, therefore a 1 = −3.42 ± 1.370) and the slope was positive (b 1 − b 0 = 0.57 ± 0.074, P ≪ 0.001, therefore b 1 = 0.19 ± 0.138). The result means that in the post-incubated specimens smaller statolith sections had a very low chance that the deposition of Sr was detected and larger statolith sections had more chance that the deposition of Sr was detected.
D I S C U S S I O N
Deposition of 34 S and Sr occurred in statoliths of Aurelia coerulea medusae by incubating in 34 S and Sr-enriched rearing water, and the deposited 34 S was detected by using NanoSIMS and the deposited Sr was detected by EPMA, respectively. This is the first report that 34 S and Sr were incorporated in statoliths of scyphomedusae from the surrounding water. There is a previous report that radioactive sulfate was incorporated from the environmental water and was concentrated in the "statolith region" of A. aurita (Spangenberg, 1968) . Our study showed that incorporated 34 S and Sr were deposited on the surface of statoliths, and the deposited 34 S and Sr was covered by later-deposited mineral during incubation in non-enriched seawater. In addition to staining with calcein (Sötje et al., 2017; Heins et al., 2018) , labeling statoliths with 34 S and/or Sr would be now applicable to various future studies on scyphomedusae.
In previous studies using synchrotron X-ray microtomography (SR μ-CT) (Sötje et al., 2011; 2017) , they hypothesized that (i) the depression area with the smallest crystals (i.e. basal part near the two ocelli) is defined as the origin area of the statoliths and (ii) the crystals increase in size by continuous precipitation of bassanite, and are accumulated to the apical part of the statocyst (by the continuous production of new crystals in the basal part). Our results seem to be partly consistent with their hypotheses. In the analyses on the zero-day specimens with EPMA, small statoliths with deposition of Sr were concentrated at the basal part near the two ocelli. This result supports the hypothesis that the basal part is the origin area of statoliths. In both of the analyses on the post-incubated specimens with NanoSIMS and EPMA, the deposition of 34 S or Sr was visible inside the statoliths as an inner ring. This result suggests that bassanite precipitated on the surface of the statoliths and covered the deposition during the post-incubation period. Also, the EPMA analyses showed that the larger statoliths and statoliths with deposition of Sr tended to be located distal to the basal part, suggesting that with growth statoliths are increasingly displaced to the apical part.
However, in analyses of zero-day specimens with EPMA, deposition of Sr was not detected in large statoliths (>13.4 μm in minor axis length of exposed section). The result would be explained, if a statolith ceases to grow after it has attained a certain size. This is contrary with the observation of the previous study that the growth increments were positively correlated with the statolith diameters (Sötje et al., 2017) and with the hypothesis that individual statoliths grow at a continuous growth rate (Sötje et al., 2011; 2017) . In a more recent study, it is confirmed that statoliths of Sanderia malayensis stop or slow growth when they attained a certain size (Heins et al., 2018) .
On the other hand, half of the statoliths without deposition of Sr were smaller than 13 μm (Figs 4 and 5) . This result suggests other possibilities: (i) some statoliths cease to grow before attaining a large size, (ii) the growth rate of statoliths is variable and some statoliths grew slowly during the incubation in the Sr-enriched ASW and (iii) only the marginal part of a large statolith, which had already ceased growth, was exposed, therefore the section was small.
There is still another possibility that the period of incubation in Sr-enriched ASW (25 hours) was short and there was a gradient in concentration of Sr ions from the basal part to the apical part of statocysts. In the previous studies using calcein, specimens were incubated for 3 days in calcein solution (Sötje et al., 2017; Heins et al., 2018) which possibly resulted in a more uniform distribution of Sr ions inside of statocysts. We did not test a longer period of incubation than 25 hours in Sr-enriched ASW. Size of statolith and distance from the basal part were strongly correlated, therefore it was not possible to distinguish the effect of size and distance from the basal part on the possibility that a statolith was labeled. Further study is necessary to clarify the question.
Observations of the growth rate of scyphozoan statolith are scarce. Daily growth in diameter of statoliths was 0.04-0.2 μm for A. aurita (Sötje et al., 2017) , and it was 0.1-0.3 μm for S. malayensis (Heins et al., 2018) . In our study on A. coerulea with NanoSIMS, daily growth of statoliths calculated from the distance between the periphery of the statolith and the inner labeled ring was 0.06-0.08 μm day ) would be an overestimate because the observed width of the labeled line is wider than actual labeled area by the ion-beam size of 0.1 μm. Taking into account the overestimate, the latter estimate is still larger than the former estimate. It would be explained if the growth rate of statoliths slows during the post-incubation period (3 weeks). Our incubation temperature was 23˚C and it is comparable to the experiment for S. malayensis (20˚C, Heins et al., 2018) . The higher estimate of this study probably reflects the slightly higher incubation temperature and that the estimate in Heins et al. (2018) was the average of 2-week growth and thus included slowed growth during the incubation period.
C O N C L U S I O N
Statoliths of Aurelia coerulea medusae were successfully labeled with 34 S and Sr and were visualized for the first time by NanoSIMS and EPMA. On specimens immediately after labeling, small statoliths with deposition of Sr were located in the basal part of statocysts near the two ocelli. Larger statoliths were without deposition of Sr and tended to be located away from the basal part. After 3 weeks incubation, the statoliths increased in size by precipitation of mineral onto the surface and the labels became enclosed within the crystal, therefore the label distribution is visible as an inner ring. The possibility that statolith growth ceases or slows at a certain point was suggested. The alternative possibility could not be eliminated in this study that the observed tendency in size and distribution of statoliths without deposition of Sr was due to the short duration of labeling and imperfect diffusion of Sr to the apical part of statocysts.
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